The influence of electric vehicle charging stations on power grid harmonics is becoming increasingly significant as their presence continues to grow. This paper studies the operational principles of the charging current in the continuous and discontinuous modes for a three-phase uncontrolled rectification charger with a passive power factor correction link, which is affected by the charging power. A parameter estimation method is proposed for the equivalent circuit of the charger by using the measured characteristic AC (Alternating Current) voltage and current data combined with the charging circuit constraints in the conduction process, and this method is verified using an experimental platform. The sensitivity of the current harmonics to the changes in the parameters is analyzed. An analytical harmonic model of the charging station is created by separating the chargers into groups by type. Then, the harmonic current amplification caused by the shunt active power filter is researched, and the analytical formula for the overload factor is derived to further correct the capacity of the shunt active power filter. Finally, this method is validated through a field test of a charging station.
Introduction
Due to the increasing environmental pollution and the growing shortage of resources, countries have begun to develop electric vehicles, which necessitate the construction of the corresponding facilities, such as charging stations [1, 2] . The increasing installation of nonlinear charging infrastructure in the form of charging stations will produce substantial harmonic pollution in the grid [2] [3] [4] , which may result in some serious consequences (e.g., the increased losses and voltage fluctuations in the network, heating problems and efficiency losses of the electric equipment, the power supply interruptions, or even large scale blackouts) [3, 5, 6] . These efficiency losses of the power supply infrastructure will also affect the life cycle of alternative electric vehicles, which is important for the choice of the alternative technologies with different pathways [7, 8] . Therefore, the electric vehicle manufacturers have adopted the IEC 1000-3-2 [9] and SAE J2894/1 [10] standards for the voltage and current harmonic limits of electric vehicles.
At present, electric vehicle chargers typically use pulse width modulation (PWM) [11] or active power factor correction technology [12] to suppress the harmonics from the charging infrastructure. In earlier charging stations, which used passive power factor correction rectifiers [13] [14] [15] , it was difficult to reduce the harmonics from the charger. Active power filters (APF) can be used in a charging station to compensate for the harmonics produced by the nonlinear loads. There are two main types of APFs: shunt and series APFs. Shunt APFs are more widely used than series APFs in charging stations due to their many advantages, such as easy installation and mature technology [16, 17] . However, the interaction between the shunt APFs and the charging infrastructure will amplify the load current harmonics [18] , which will reduce the compensation effect of the APFs. Therefore, it is not only necessary to further study the harmonic characteristics and methods of modeling the charging station, but also important to explore the best way to configure the shunt APF in a charging station.
The harmonic pollution from an electric vehicle charging station originates mainly from the uncontrolled or thyristor-controlled rectification circuit of the charger. After rectification by the three-phase rectifier, the grid voltage will generate a pulsating DC (Direct Current) voltage on the DC side of the charger, and a DC current will be produced when the DC voltage acts on the load. Harmonic distortion will occur in the voltage and current on the AC (Alternating Current) side of the charging station because of the coupling between the rectifier and the power grid. The existing literature on this topic has mainly employed experimental testing [2, 5] and simulation analysis [14, 15] . However, the former method is only applicable to charging facilities under experimental conditions. Although the latter method can be used to analyze charging circuits with different structures, the analytic relationship between the terminal voltage harmonics and current harmonics of the charger cannot be obtained. Previous studies [19, 20] have presented frequency-domain analytical models of single-phase uncontrolled and thyristor-controlled rectification circuits for a single-phase rectifier with low power. These models have demonstrated the contribution of the terminal voltage harmonics to the current harmonics. For higher-power chargers (including regular and fast-charging types), which typically use a three-phase rectification circuit [2, 13, 15] , the literature [20] also provides frequency-domain analytical models of three-phase thyristor-controlled rectification circuits. However, these models assume a priori knowledge about the circuit parameters of the charger, and the differences in the parameters of chargers from different manufacturers will lead to different harmonic characteristics in the input current. It is difficult to obtain detailed equivalent circuit parameters for each charger. Previous studies [21] have proposed a method using the measured AC current waveform of a single-phase uncontrolled rectifier under given voltage conditions to estimate the parameters of the harmonic analysis circuit. However, for the commonly used three-phase uncontrolled rectification charger, the charging current has two modes: the continuous conduction mode (CCM) and discontinuous conduction mode (DCM), which is different from that of the single-phase rectification circuit. Thus, the analysis used for the single-phase rectifier cannot be applied to the three-phase rectification circuit.
The installed capacity of the APF directly determines its harmonic compensation effect. The capacity is currently designed based on the configuration of the charger and the total harmonic distortion of the current, and then corrected by a safety factor [22] . However, the existing method cannot determine the safety factor accurately because the interaction between the harmonic current and harmonic voltage of the charging station is not considered, and an accurate method of selecting the safety factor has not been proposed. The harmonic current will appear to be amplified when the shunt APF in the charging station operate due to the harmonic response [18, 23] . Ignoring this phenomenon will lead to the accidental overload of the shunt APF. This paper analyzes the characteristics of the charging current for an electric vehicle charger with a three-phase uncontrolled rectification circuit and a passive power correction link under different operating conditions based on the measured AC voltage and current. A method for estimating the parameters of the charger equivalent circuit is also proposed. The harmonic current amplification caused by the shunt APF is then studied. An analytical formula for the APF overload factor is derived by considering the frequency-domain harmonic model of the charger. A capacity correction method is proposed for the shunt APF in a charging station based on the harmonic current amplification effect. The feasibility of this method is then verified by adopting it in an electric vehicle charging station.
Parameter Estimation for the Equivalent Circuit of Charger
The primary source of harmonic pollution from electric vehicle charging stations is the three-phase charger, which is the common type of charger used in early stations. The first level of the charger is a three-phase uncontrolled rectification circuit with a passive power factor correction link [2] . Shown in Figure 1 , the power factor correction, which consists of a filter inductance L and a filter capacitance C on the DC side, is used to reduce the harmonics injected into the power grid. The parameters L, C and the load voltage u R are different in different types of chargers, but the load resistance R is determined by u R and the power produced by the charging process. Because the charging time is long, the circuit uses a variable load resistance R for the equivalent high-arising from frequency power conversion circuit at different stages. The parameters L, C, u R and R are needed for the harmonic analysis and modeling of the charger, but it is difficult to obtain the parameters directly from the manufacturers. This paper focuses on measurement-based estimation of the charger circuit parameters.
For the charging current of each phase in Figure 1 , there are two charging processes in each half-wave cycle. As the charging power changes, the charging current of the two conduction processes in each half-wave cycle will change from continuous to discontinuous, corresponding to light and heavy loads. Figure 2 shows the measured waveform of the DC voltages u dc and u R , the A-phase current i a and the line voltages u ab and u ac of the three-phase charger in the two conditions. The current in Figure 2a is enlarged by a factor of five. α 1 , α 2 are the firing angles and δ 1 , δ 2 are the extinction angles corresponding to the first and second charging processes, respectively, of the diode during a half-wave cycle. I m and β are the peak value of the charging current pulse and the conducting width angle of a single charging process, respectively, and γ is the angle corresponding to I m . In Figure 2b , the extinction angle δ 1 of the first charging process is the same as the firing angle α 2 of the second charging process, and the beginning and ending charging currents have the relationship i a (α 2 ) = i a (δ 1 ) = I 0 (which is not equal to zero), which is not true in the DCM (Discontinuous Current Mode) of Figure 2a . 
Due to the voltage drop in the filter inductance L, u R is always less than the peak value of the line voltage during the charging process, and u R can be considered to maintain the value of U R after the smoothing effect of the filter capacitance C. Based on these assumptions, and combined with the charging circuit constraint, the load voltage U R can be calculated using the measured values of the AC voltage and conducting width angle β of the pulse current. Additionally, the equivalent load resistance R and the filter capacitance C can be estimated according to the charging power, and the filter inductance L can be estimated from the charging pulse current I m and the angle γ. The parameter estimation process is described in detail below.
Estimation of the DC Voltage U R
From Figure 1 , the voltage and current balance equation during the conducting interval [α 1 , δ 1 ] is:
where  is the fundamental angular frequency. The B-phase voltage is higher than the A-phase voltage so that diodes D3 and D4 conduct. The actual phase voltage of the grid contains several odd harmonics, but the line voltage u ab does not contain the third harmonic. From Figure 2a ,
when the current is discontinuous:
where h is the harmonic order, U h and φ h are the root-mean-square (RMS) magnitude and phase angle of the hth harmonic voltage, respectively, and H is the highest harmonic order. Because the load voltage u R remains approximately unchanged (u R = U R ), each beginning and ending charging current in DCM is zero, which can be described by i a (α 1 ) = i a (δ 1 ) = 0. The relationship between δ 1 and α 1 is given by δ 1 = α 1 + β. Equation (3) can be obtained from Equation (1) by integrating over the interval [α 1 ,δ 1 ]:
When the charging current is continuous, each beginning and ending charging current is not zero but still satisfies the equation i a (α 2 ) = i a (δ 1 ) = I 0 , and U R meets the constraints of Equation (3). Figure 2b illustrates that when the charging current reaches I m , the load voltage is equal to the grid voltage, U R = −u ab (). β = (δ 2 − α 1 )/2 and γ = γ − α 1 can also be obtained from the measured current in Figure 2b ; therefore:
When estimating the parameters of the charging circuit, the continuity or discontinuity of the charging current should be determined a priori according to the measured waveform. If the current is discontinuous, using the measured values of the AC voltage and β, α 1 can be obtained by combining Equations (2) and (3) . When the current is continuous, using the measured values of the AC voltage, β and γ, α 1 can be obtained from Equations (3) and (4). We can then obtain the load voltage U R .
Estimation of the Filter Inductance L
The filter inductance L can be estimated using the charging current from the beginning to the peak value I m . Equation (5) can be obtained by integrating Equation (1) 
) sin( ) 6 6
= I m when the charging current is discontinuous, and I = I m − I 0 ( Figure 2 ) when the current is continuous. Consequently, the filter inductance L can be calculated from the following equation:
The filter inductance L can be obtained from Equation (6) using the measured values of the AC voltage, β and γ in CCM, as well as the calculated values of α 1 and U R . If the current is continuous, the initial charging current I 0 is also needed in addition to these parameters.
Estimation of the DC Load Resistance R and Filter Capacitance C
During the charging process, the DC current i R of the charger drops stepwise, and each step lasts approximately 5-6 min [4] . In this paper, the measured data to estimate the parameters are obtained from a 20 ms time window in which the charging power P c is relatively stable. Therefore, the DC current i R during this time window is considered equal to I R . The DC equivalent resistance R is:
Neglecting the effect of the filter inductance, the load voltage u R rises to the peak value U max of the line voltage after a single charging cycle, and then, the voltage begins to discharge through the RC circuit. Because the DC filter capacitance has six charging-discharging processes in every cycle, the method described in the literature [21] can be used to calculate the DC capacitance as follows:
The circuit parameters of the three-phase charger can be estimated by measuring its a priori voltage and current waveform in one mode. The filter inductance L and capacitance C of the charger are constant; thus, only the load voltage and resistance are needed to perform a new estimate as the charging power conditions change. Based on the derived parameter estimation, the measurement-based modeling of the charger is performed by combining the estimate with the following three-phase frequency-domain harmonic model of the charging circuit.
Verification and Sensitivity Analysis of the Charger Parameter Estimation

Verification of the Charger Parameter Estimation Method
To verify the effectiveness of the proposed parameter estimation method, an experimental platform of a three-phase uncontrolled rectification circuit is set up to simulate the electric vehicle charger, as shown in Figure 3 . The discontinuous and continuous currents are obtained by adjusting the load resistance. The parameters used in the experiment are R = 128 Ω in DCM and R = 20 Ω in CCM. The terminal voltage of the charger in Figure 3 is provided by a Chroma 67103 programmable AC power source. A Fluke 435 three-phase power quality analyzer is used to measure the harmonics of the charging current. The harmonic magnitudes and phase angles in the two voltage conditions under which the measurements are taken are listed in Table 1 . Due to the capacity limitations of the source, the magnitude of the fundamental component of the voltage in the experiment is 45 V and each harmonic phase angle refers to that of the fundamental voltage component. The measured characteristic parameters of the voltage and current waveforms, as well as the equivalent charging circuit parameters in cases 1 and 2, are shown in Tables 2 and 3 , where the charging power in DCM and CCM are 0.1 kW and 0.5 kW, respectively. The estimated equivalent circuit parameters, which are based on the measured charging data, are highly similar to those of the experimental device. When the charging power is nearly the same, the estimated parameters of the charging circuit under the different voltage conditions are also similar. Therefore, the parameter estimation method proposed in this paper is adaptable for different voltage harmonic conditions. Figures 4 and 5 present the simulated and measured A-phase current results from the CCM and DCM, respectively. The three-phase charger current is mainly composed of the 6k ± 1 harmonics (k = 1, 2, 3,…), especially the fifth and seventh harmonics. Except for the third harmonic and its integer time harmonics, the measured phase angles and magnitudes of the harmonics are close to the simulation results. The simulation error in case 2 (of a large voltage harmonic) is greater than that in case 1 (of a low voltage harmonic) but still acceptable. The current harmonic results obtained from the simulation using the estimated parameters are largely consistent with the experimental results. 
Sensitivity Analysis of the Harmonic Characteristics of the Charger
The harmonic characteristics of the charger will exhibit different trends as the equivalent circuit parameters R, L and C change. Figure 6a presents the total harmonic current distortion (THD I ) curve for the case in which the load resistance R changes while the other parameters are held constant (L = 1.5 mH and C = 2215 µF). As the load resistance decreases (which corresponds to an increase in the charging power), the charging current changes from discontinuous to continuous and the corresponding THD I exhibits a declining trend. When the resistance is less than 4 Ω (corresponding to a charging power greater than 65 kW), THD I approaches 30%. The trend of the THD I with load resistance is the same under different harmonic voltage conditions. Figure 6b ,c present the variation in THD I with the filter inductance L and capacitance C, respectively, where the load resistance R = 38 Ω and 4 Ω in DCM and CCM, respectively, and the other parameters are the same as in Figure 6a . Figure 6b illustrates that an increase in the filter inductance can effectively suppress the charging current harmonics. In the discontinuous and continuous charging current conditions, there is little difference in THD I for an inductance L greater than 1 and 6 mH, respectively. For a given THD I , L decreases as the charging power increases. Figure 6c illustrates that increasing the filter capacitance appropriately is beneficial in suppressing the charging current harmonics. Compared to R and L, however, the filter capacitance C does not have a significant influence on the THD I . Additionally, from the THD I results in cases 1 and 2 in Figure 6 , the THD I of the charging current will decrease when the terminal voltage harmonics of the charger increase. The operation of a shunt active power filter in the charging station can effectively reduce the terminal voltage harmonics of the charger, which will increase the charging current harmonics when the APF is operating. The harmonic current amplification effect of the charging station caused by the shunt active power filter will be discussed below.
Capacity Correction for the Shunt Active Power Filter in a Charging Station Considering the Current Harmonic Amplification Effect
Charging Current Harmonic Amplification Effect and Frequency-Domain Harmonic Model of a Charging Station
In the example charging station shown in Figure 7a , there are five chargers with the same parameters (L = 1.5 mH, C = 2215 µF and R = 4 Ω) connected to a 380 V grid with a short-circuit capacity of 6 MVA and X/R = 5 (short circuit ratio) via a public bus. The shunt active power filter is configured at the point of common coupling. Figure 7b presents the simulation results of the A-phase charging current i a and its harmonic component i ah for the five chargers in the charging station with and without the APF conditions, the operation of the APF increases the amplitude of the harmonic current from 262.4 A to 304.2 A. The interaction between the charging current and the grid impedance causes the terminal voltage of the charger to have harmonic components. The shunt APF can suppress the voltage harmonics, but it will cause the harmonic current of the charging station to be amplified compared to the case without APF. (1) Quantification of harmonic current amplification
To assess the degree of overload of the shunt APF caused by the harmonic amplification effect in the charging station, the overload factor is defined according to the RMS (Root Mean Square) values of the total harmonic current when the APF is connected and disconnected:
where I′ k and I k are the RMS magnitudes of the kth harmonic current when the APF is connected and disconnected, respectively; IF k is the kth harmonic amplification factor, which is equal to I′ k divided by I k [18] ; and ω k is the weighting for the kth harmonic current. When correcting the capacity of the APF, the overload factor λ is used to ensure that there is sufficient capacity for the shunt APF to provide harmonic compensation. Based on the simulation results of Figure 7 , the variation of the harmonic weightings ω k can be obtained as Figure 8a , and the variation of IF 5 , IF 7 and λ with the compensation rate and the compensation phase difference of the APF are shown in Figure 8b . The weighting of the fifth current harmonic is the highest. The overload factor λ and amplification factor IF 5 are highly similar under different compensation conditions; therefore, IF 5 can be used as an approximation to estimate the overload level of the shunt APF in the charging station.
(2) Frequency-domain harmonic model of charger After the parameters of the charger are estimated, the overload factor of the shunt APF in the charging station can be determined from simulation, but the overload factor cannot be determined analytically. Therefore, it is necessary to derive the frequency-domain harmonic model of the three-phase charger. According to the operating principles of the charger in Figure 1 , taking the A-phase current as an example, the voltage and current balance equation in the conducting intervals [α 1 , δ 1 ] and [α 1 + π, δ 1 + π] is: cos( ω φ θ ) 6 6
where G h and θ h are the amplitude and phase angle, respectively, of the DC equivalent admittance. 6 cos( ω φ θ ) 6 6
Additionally, the charging current i a (t) in the rest region of the wave circle is 0. After the Fourier expansion of i a (t) through one cycle, we can calculate the kth harmonic vector ak I , which can be written in matrix form [19, 20] as:
where I k is the vector of AC harmonic current, U h and U h * are the input harmonic voltage vector and its conjugate vector, respectively, and Y + and Y − are the coupled harmonic admittance matrices. The elements of Y + and Y − can be calculated using Equation (14) or Equation (15) according to the operating conditions of the charger. Using the estimation method from Section 2 to obtain the parameters of the charger equivalent circuit and the firing angle, the extinction angle of the harmonic analytical model and the coupled admittance matrix of the charger can be determined based on the measurements. The elements of the Y + and Y − matrices in DCM are:
The elements of the Y + and Y − matrices in CCM are:
Capacity Correction Method for the Shunt APF in a Charging Station
From Figure 6a , when the charging power is greater than a certain value, the current total harmonic distortion is constant, but the harmonic current continues to increase, which means that the harmonic current of the charger increases to its maximum when the power is the rated power, and the overload factor of the charging current harmonic at this point can be used to correct the capacity of the shunt APF. Because it would increase the scale and complexity of computation to estimate the parameters and calculate the overload factor for each of the multiple chargers in a charging station, this paper establishes an equivalent model of multiple chargers of the same type, and a single equivalent charger circuit is created.
Assuming that there are M groups of chargers of different types, as shown in Figure 9 , the instantaneous waveforms of the charging current i , can be obtained by measuring the data from the chargers of the mth group in operation alone. The harmonic matrices Y +(m) and Y −(m) can be calculated using the method presented, and the overload factor λ (m) for the chargers of the mth group operating alone can be described by: 
Combining the voltage harmonic vector U h measured at the coupling point when all the chargers are in operation with the harmonic matrices Y +(m) and Y −(m) obtained by testing a single group of chargers, the overload factor λ for the charging station can be obtained as: (17) where k (m) is the correlation factor between λ (m) of the mth group of chargers and the λ of the charging station:
From the current harmonic vector I k measured when all chargers are in operation, the capacity I APF of the shunt APF, considering the harmonic amplification, can be determined by the product of I k and the overload factor λ according to:
Choosing a shunt APF with a maximum output harmonic current I max ≥ I APF (and as close as possible to I APF ) will meet the harmonic current compensation demand of the charging station. Figure 10 is the capacity correction flowchart for the shunt APF in a charging station. Firstly, the voltage and current, when a single group of chargers and the APF is disconnected (the mth group of chargers, m = 1, 2…M), can be measured. And the corresponding characteristic parameters are extracted based on the recorded curves. Thus, the equivalent circuit parameters of the mth group of chargers can be obtained by the parameter estimation method in Section 2. According to the harmonic analytical model in Section 4.1, the coupled harmonic admittance matrices Y +(m) and Y −(m) of the mth group of chargers can be established, then the overload factor λ (m) can be calculated from Equation (16) . Secondly, the voltage and current curves when all of the chargers of the M groups are put into operation simultaneously can be measured, and the correlation factor k (m) can be obtained by Equation (18) . Finally, the overload factor λ for the charging station can be gained by substituting λ (m) and k (m) into Equation (17) . The capacity of the shunt APF can be determined by multiplying the result with the measured current harmonic components. 
Field Test and Experimental Verification
Verification of the Frequency-Domain Harmonic Model of A Charging Station
A circuit consisting of a charging station, which contains three chargers, is used for the experimental verification. The parameters of two of the chargers are L = 2 mH, C = 363 µF and R = 128 Ω, and the parameters of the other charger are L = 4 mH, C = 400 µF and R = 30 Ω. The circuit is tested using the voltage harmonic conditions in Table 1 . Chargers with the same parameters are combined into the same group; therefore, the chargers in the experiment are divided into two groups. The estimated parameters and frequency-domain harmonic admittance matrices of the two groups can be obtained based on the measured voltage and current waveforms from each group.
The phase angles and magnitudes of each current harmonic are calculated using Equation (13) . Figure 11 presents the measured results, the simulation results using the estimated parameters and the calculated results using the frequency-domain analytical model. The harmonics calculated using the frequency-domain analytical method and those obtained from the simulation are similar to the measured results in both voltage conditions. Thus, the harmonic model is validated. 
Verification of the Capacity Correction Method for the Shunt APF in a Charging Station
The shunt APF capacity correction method is implemented in a charging and swap station for electric buses. Figure 12 presents the field test of the charging station, which contains five 20 kW three-phase chargers for plug-in hybrid electric buses, a 60 kW three-phase charger for purely electric buses charging at night and seven 10 kW branch box chargers to charge the battery boxes of purely electric buses. These three types of chargers are labeled as groups 1 to 3, respectively. The equivalent circuit parameters for each group of chargers are obtained from the measured parameters, as shown in Table 4 . The table also shows the correlation factors and overload factors for each group of chargers.
Based on the measured data and Equation (17) , and assuming that all chargers are in operation, the overload factor λ for the charging station is 1.235. Thus, the shunt APF capacity I APF of the charging station is 1.235 × 118 = 145.7 A. Therefore, we choose a shunt APF with a capacity of 150 A. The harmonic data from the electric bus charging and swap station is recorded using a Fluke 435-II power analyzer. Figure 13 shows the total voltage, the current harmonic distortion rate and the harmonic current (using the three-phase average value) at the station coupling point with the APF disconnected and connected. Scene A is the situation in which the chargers of the first and third groups are charging simultaneously, scene B includes only the first group, and scene C includes the first and second groups. In Figure 13 , the harmonic current in scenes B and C can be compensated effectively when the shunt APF is connected. During the period that the chargers are not running, the total harmonic distortion is greater because of the small fundamental current. The harmonic voltage of the coupling point and the harmonic current injected into the power grid can be effectively suppressed using the proposed method to allocate the capacity of the shunt APF in the charging station. The probability density curve of the compensation current can be obtained from data measured over a two-week period when the shunt APF was connected by sorting the RMS current between 0 and 150 A (at 1.5 A intervals), as shown in Figure 14 . The harmonic amplification range is the region in which the current is greater than 118 A. When the harmonic amplification is not considered in determining the shunt APF capacity, the overload probability for the APF is 6.6%. The results of this long-term field test verify that the proposed method for selecting the shunt APF capacity can ensure adequate current harmonic compensation. 
Conclusions
This paper proposes a measurement-based method for estimating the equivalent circuit parameters of a charger. The equivalent frequency-domain harmonic analytical model of a charging station is established by dividing chargers of the same type into groups. Then, the analytical formula of the APF overload factor to compensate for harmonic amplification is derived and used to correct the capacity of the APF in a charging station. The analysis of a charging station containing more than one charger shows that the fifth harmonic amplification factor can be used to approximately measure the degree of overload of the APF in the charging station and that the overload factor of the APF can be effectively calculated using the frequency-domain harmonic analytical model. Using the data measured from an electric bus charging and swap station, the feasibility of this method for correcting the shunt APF capacity is verified based on the harmonic test results during shunt APF compensation. Additionally, the proposed capacity correction method could be used to configure active power filter devices in other applications that produce harmonic pollution.
